Scribble (scrib), discs large (dlg) and lethal giant larvae (lgl) encode proteins that regulate cell polarity and have been identified as neoplastic tumour suppressor genes in Drosophila melanogaster. Here, we have used the Drosophila model system to provide the first functional evidence that human Scribble (hScrib) can act as a tumour suppressor. We show that hScrib protein displays highly polarized localization in mammalian epithelial cells and colocalizes with mammalian Dlg, similar to D. melanogaster Scribble (DmScrib) distribution in Drosophila epithelium. Furthermore, hScrib can rescue the polarity and tumorous overgrowth defects of scrib mutant Drosophila. hScrib therefore can act as an effective tumour suppressor in vivo, regulating both apical-basal polarity and cellular proliferation in a manner similar to that of DmScrib in Drosophila. These data demonstrate that hScrib is a functional homologue of DmScrib and therefore predict an important role for hScrib in the suppression of mammalian tumorigenesis. Oncogene (2003) 22, 9225-9230.
Scribble (scrib), discs large (dlg) and lethal giant larvae (lgl) encode proteins that regulate cell polarity and have been identified as neoplastic tumour suppressor genes in Drosophila melanogaster. Here, we have used the Drosophila model system to provide the first functional evidence that human Scribble (hScrib) can act as a tumour suppressor. We show that hScrib protein displays highly polarized localization in mammalian epithelial cells and colocalizes with mammalian Dlg, similar to D. melanogaster Scribble (DmScrib) distribution in Drosophila epithelium. Furthermore, hScrib can rescue the polarity and tumorous overgrowth defects of scrib mutant Drosophila. hScrib therefore can act as an effective tumour suppressor in vivo, regulating both apical-basal polarity and cellular proliferation in a manner similar to that of DmScrib in Drosophila. These data demonstrate that hScrib is a functional homologue of DmScrib and therefore predict an important role for hScrib in the suppression of mammalian tumorigenesis. Oncogene (2003 Oncogene ( ) 22, 9225-9230. doi:10.1038 Keywords: hScrib; Scribble; polarity; cell cycle; tumour suppressor; Drosophila; discs large Loss of cell polarity is one of the hallmarks of cancer, and is correlated with more aggressive and invasive cancers (Bissell and Radisky, 2001; Thiery, 2002) . In Drosophila melanogaster, mutation analysis in three genes, discs large (dlg), scribble (scrib) and lethal giant larvae (lgl), has revealed a link between the regulation of cell polarity and cell proliferation control. Scrib, dlg and lgl genetically interact, and homozygous mutant larvae (for either scrib, dlg or lgl) show a loss of apicalbasal cell polarity and epithelial tissues lose their columnar, monolayered organization (Woods et al., 1996; Bilder and Perrimon, 2000) . In addition to the loss of polarity, epithelial and neural tissues from scrib, lgl or dlg mutant larvae overproliferate to form large neoplastic cell masses (Woods and Bryant, 1991; Bilder et al., 2000) . In Drosophila metastasis models, dlg and lgl homozygous mutant cells can form invasive tumours that migrate to distant sites and kill the host (Woodhouse et al., 1998) . These observations have led to the classification of scrib, dlg and lgl as neoplastic tumour suppressor genes in Drosophila (Gateff, 1994; Bilder et al., 2000) .
The scrib, lgl and dlg genes are highly conserved between Drosophila and mammals. Both human Scrib (hScrib) and Dlg (hDlg) are targeted for degradation by viral oncoproteins such as human papillomavirus E6, and recent studies have shown decreased expression of Dlg homologues in gastric carcinomas and a mouse model of ovarian cancer (Liu et al., 2002; Boussioutas et al., 2003; Huang et al., 2003) . Such correlative data have led to the speculation that hDlg, hScrib and human Lgl may play a role in human epithelial cancers (Mantovani and Banks, 2001; Humbert et al., 2003) . Consistent with a functional conservation of this network of proteins, mammalian Dlg homologues can rescue Drosophila Dlg mutants, and have been implicated in the regulation of apical-basal polarity and proliferation in mammalian cells (Makino et al., 1997; Thomas et al., 1997; Ishidate et al., 2000; Ludford-Menting et al., 2002) . However, little is known about the functional properties of hScrib.
hScrib is a membrane-associated protein that, like its Drosophila counterpart, contains 16 leucine-rich repeats (LRRs) and four PDZ domains (Figure 1a ) (Nakagawa and Huibregtse, 2000) . The recent identification of Scrib (scrb1) as the gene mutated in the mouse circletail mutant indicates an important role for Scrib in development (Murdoch et al., 2003) . Homozygous circletail mice die perinatally from severe neural tube defects (craniorachischisis) (Murdoch et al., 2003) and show defects in tissue patterning in the embryonic cochlea (Montcouquiol et al., 2003) . These patterning defects implicate mammalian Scrib in the regulation of planar cell polarity, a role not established for Drosophila melanogaster Scrib (DmScrib). While this hints that the two proteins may have divergent evolutionary function, these studies have not examined whether mammalian Scrib can act to regulate apical-basal polarity and proliferation similar to DmScrib. In this paper, we show that the ability to regulate both apical-basal polarity and suppress tissue overgrowth are conserved between DmScrib and hScrib, suggesting that hScrib is likely to play an important role in the suppression of human tumours.
To study the function of hScrib in vivo, we generated and characterized an EGFP-hScrib fusion protein. The construct was assembled using the cDNA clone KIAA0147 (GenBank Accession No. D63481), which corresponds to an incomplete hscrib sequence (Nakagawa and Huibregtse, 2000) . Based on the available hscrib coding sequence (GenBank Accession No. NM_015356), the missing 5 0 sequence including the initiating ATG codon was PCR amplified from human colon adenocarcinoma (LIM1899) cDNA and inserted into KIAA0147 to create the entire hscrib open reading frame (ORF). This full-length cDNA was placed in frame and downstream of the EGFP ORF in the pEGFP-C1 expression vector (Clontech). Expression of the fusion protein at the predicted molecular weight was confirmed by Western blot analysis following transfection into 293 cells (data not shown). In Drosophila embryonic epithelium, Scrib localizes basal to the adherens junctions and plays a role in the establishment of this junction complex . Polarized Madin Darby Canine Kidney (MDCK) epithelial cells were analysed by confocal microscopy for the localization of EGFP-hScrib (expressed by transient transfection) and established markers of epithelial polarity including ZO-1 (tight junctions) (Stevenson et al., 1986 ) and E-cadherin (adherens junctions) (Behrens et al., 1985) . As previously reported with an incomplete hScrib GFP fusion protein (Nakagawa and Huibregtse, 2000) , EGFP-hScrib was localized predominantly to the cell membrane of MDCK cells, in contrast to EGFP alone, which was distributed throughout the cell (Figure 1b ). EGFP-hScrib partially overlapped with Ecadherin at the basolateral membrane (Figure 1b) , suggesting it may be associated with adherens junctions. In Drosophila, Scrib colocalizes and forms a complex with Dlg Mathew et al., 2002) . In polarized MDCK cells, EGFP-hScrib overlapped significantly with Dlg, colocalizing at the basolateral membrane of MDCK cells, distinctly basal to ZO-1 at tight junctions ( Figure 1c ). To ensure that EGFP-hScrib was localized in a manner similar to that of endogenous MDCK Scrib, we examined the localization of Scrib in MDCK cells using a monoclonal antibody we have generated (7C6.D10) and a commercially available polyclonal antibody (Santa Cruz). Both monoclonal and polyclonal hScrib antibodies recognize a single protein of the expected size by Western blot analysis on MDCK whole cell lysates (data not shown). Like the human fusion protein, endogenous Scrib localized basal to ZO-1 (Figure 1d ) and colocalized with endogenous Dlg in a polarized MDCK cell monolayer (Figure 1e ). These studies show that EGFP-hScrib possesses properties similar to those of endogenous mammalian Scrib. Importantly, the localization of hScrib at and basal to adherens junctions and its colocalization with mammalian Dlg in epithelial cells suggests a high degree of conservation in the polarized localization of Scrib between Drosophila and mammalian epithelium.
To determine whether hScrib is a functional homologue of Drosophila Scrib, we assessed whether EGFPhScrib could substitute for the Drosophila Scrib protein. To achieve this, we generated three independent lines of transgenic flies carrying the EGFP-hScrib cDNA under the control of a GAL4-responsive UAS promoter (Brand and Perrimon, 1993) . The EGFP-hScrib transgene was then crossed into flies carrying a strong mutant allele of scrib (scrib 1 ) . We first investigated whether EGFP-hScrib could compensate for the loss of DmScrib in Drosophila eye epithelial tissue. Using the ey-FLP/FRT, GAL4/GAL80 (MARCM) system (Lee and Luo, 1999), we were able to generate clonal patches of scrib mutant cells surrounded by otherwise normal epithelial tissue and express mCD8-GFP (a membrane-targeted GFP construct) or EGFP-hScrib specifically within these cells (Figure 2b) . Thus, the patches of mutant tissue in the eye disc could be identified by the expression of mCD8-GFP or EGFPhScrib.
Expression of EGFP-hScrib within wild-type clones of cells showed no aberrant effects on the eye tissue allowing normal differentiation (Figure 2c, top panel) . Loss of scrib in clonal patches in the eye disc disrupted proper differentiation of the photoreceptor cells, as measured by Elav staining, a marker of differentiated photoreceptor cells (A Brumby and H Richardson, manuscript in press; Figure 2c, middle). Expression of EGFP-hScrib specifically within scrib mutant tissue largely restored the differentiation and patterning of the photoreceptors in the eye (Figure 2c, bottom) . EGFP-hScrib expression also effectively suppressed the tissue organization defects (as assessed by actin staining) associated with scrib mutant tissue. In scrib mutant clones, the columnar, monolayered epithelial cells became rounded and multilayered, suggesting the cells had lost apical-basal polarity (Figure 2d, middle) . scrib mutant cells expressing EGFP-hScrib maintained their columnar architecture, and the actin cytoskeleton Figure 1 hScrib localizes along the basolateral membrane of polarized MDCK cells with endogenous mammalian Dlg. (a) Schematic representation of the EGFP-hScrib fusion protein used in this study is shown with reference to DmScrib. Like DmScrib, hScrib is predicted to contain 16 LRRs and four PDZ domains. Within these defined domains, hScrib shares a high level of sequence homology with DmScrib; between 50 and 75% amino-acid identity, compared to 37% overall. (b) and (c) MDCK cells cultured on polyester membranes were transiently transfected with EGFP or EGFP-hscrib and allowed to form a confluent monolayer over 3 days. Cells were fixed in 3.7% paraformaldehyde and probed with antibodies to ZO-1 (rat monoclonal, Chemicon), E-cadherin (mouse monoclonal, Transduction Laboratories) or mammalian Dlg (PSD-95 family mouse monoclonal, Upstate Biotech). The cells were analysed by confocal microscopy and images processed with Image J and Adobe Photoshop 7.0 software. (b) Localization of EGFP-hScrib is predominantly at the plasma membrane of MDCK cells in contrast to EGFP alone, which is distributed throughout the cell. EGFP-hScrib is found at the basolateral membrane partially overlapping with E-cadherin (red) at points of cell-cell contact (adherens junctions). (c) EGFP-hScrib (green) localization is basal to and distinct from ZO-1 (blue) at tight junctions. Dlg homologues (red) also localize at the basolateral membrane of polarized epithelial cells, overlapping with EGFP-hScrib. (Figure 2d, bottom) . To investigate in more detail, the extent of the functional rescue on polarity, Dlg localization was examined on transverse sections of third instar eye imaginal discs. In wild-type eye epithelium, Dlg was highly polarized and concentrated at the subapical region of the cell membrane (Figure 2e, top) . In multilayered scrib mutant clonal tissue the strong subapical staining of Dlg was lost (Figure 2e, middle) . EGFP-hScrib expression in the scrib mutant tissue was sufficient to maintain the columnar monolayered organization of the epithelium and the polarized expression of endogenous Dlg (Figure 2e , Figure 2 Suppression of the scrib mutant phenotype by expression of EGFP-hScrib in mosaic eye discs. (a) Genotypes of the F1 progeny analysed. (b) Schematic representation of the generation of scrib mosaic eye tissue using the MARCM system. Expression of FLP from the eyeless promoter induces mitotic recombination at FRT82B sites on homologous chromosomes. When a scrib-null cell is produced, the GAL80 repressor gene is lost and UAS-responsive transgenes (i.e. mCD8-GFP or EGFP-hScrib) become irreversibly activated, marking the scrib mutant clonal tissue. In control flies ('EGFP-hScrib') where the scrib locus is wild type, expression of EGFP-hScrib marks wild-type tissue. (c) The third instar eye imaginal discs were harvested, immunostained for the expression of Elav (mouse monoclonal (9F8A9), Developmental Studies Hybridoma Bank, University of Iowa), F-actin (phalloidin-TRITC, Sigma) or Dlg (mouse monoclonal (4F3), Developmental Studies Hybridoma Bank, University of Iowa) and examined by confocal microscopy. Representative clonal tissue is highlighted by dotted outline. Elav staining (red) marks differentiated photoreceptor cells in the developing eye disc. Expression of EGFP-hScrib in wild-type clones does not interfere with normal differentiation (top panel). In the scrib mutant tissue, differentiation is disrupted and in some cases no Elav expression is detected in the mutant clones (middle). In scrib mutant clones expressing EGFP-hScrib, proper differentiation is restored and is comparable with that seen in wild-type clonal regions (bottom). (d) Transverse sections of mosaic eye imaginal discs show the columnar epithelial monolayer of the eye disc. In scrib mutant clones (GFP), the actin cytoskeleton (red) is disorganized and the cells become rounded and multilayered (middle). Actin organization and tissue structure in scrib mutant tissue expressing EGFP-hScrib was similar to wild-type clonal tissue (compare bottom and top). (e) In scrib mutant clones (GFP), the cells become multilayered and the strong apical expression of Dlg (red) is lost (middle). In rescued clonal patches, the scrib mutant cells maintain their columnar monolayered organization and the polarized expression of Dlg (bottom) bottom). In addition, we observed that similar to DmScrib, hScrib localized with endogenous Dlg at the subapical region of the epithelial tissue. Together, these observations indicate that hScrib can effectively substitute for DmScrib to regulate tissue organization and apical-basal polarity in Drosophila epithelium.
We next considered whether ubiquitous expression of hScrib could rescue all of the phenotypes of Drosophila scrib mutants. To allow ubiquitous expression of EGFPhScrib in scrib-null animals, the EGFP-hScrib transgenic lines carrying the scrib 1 allele were crossed to an actin-GAL4 activator line carrying a second mutant scrib allele (scrib j7B3revB ). The scrib j7B3revB allele was generated from the scrib j7B3 hypomorphic allele following imprecise excision of the P-element. scrib 1 /scrib j7B3revB animals are larval lethal indicating that this allelic combination results in a Scrib-null phenotype. We examined F1 progeny of three genotypes: flies that expressed EGFPhScrib and were heterozygous for scrib (essentially wild type), scrib mutants and scrib mutants expressing EGFP-hScrib (Figure 3a) . At the third instar stage of larval development, scrib mutants fail to pupate and continue to grow to form giant larvae . Ubiquitous expression of EGFP-hScrib effectively suppressed the larval overgrowth phenotype of scrib mutants ( Figure 3b) ; no giant larvae were observed that were both transgenic for EGFP-hScrib and mutant for scrib. The third instar imaginal wing discs taken from scrib mutants showed loss of monolayered structure and growth in three dimensions (Figure 3c , middle). In contrast, expression of EGFP-hScrib in scrib mutant Drosophila suppressed the tumorous overgrowth of the epithelial tissues and allowed the formation of monolayered epithelial structure closely resembling that of wild-type discs (Figure 3c , compare left and right panels). The neoplastic overgrowth of scrib neural tissue previously reported , was also suppressed by the ubiquitous expression of EGFPhScrib (data not shown).
To measure the efficiency of rescue by EGFP-hScrib we assessed the development of scrib heterozygous and scrib null progeny beyond the third instar larval stage. The relative Mendelian ratio (observed-to-expected) of EGFP-hScrib/scrib mutant progeny surviving to pupation was equivalent to wild-type survival (99 and 95% respectively), while less than 9% of scrib mutants reached this stage of development (Table 1) . Expression of EGFP-hScrib in scrib mutants allowed the majority (59%) of these animals to form adult structures (pharate adults) and 23% of the EGFP-hScrib/scrib mutant animals eclosed as mature adult flies. These data confirm that EGFP-hScrib can substitute for DmScrib function throughout development. While we show that the expression of EGFP-hScrib is sufficient to rescue the scrib phenotype to adulthood, we note that the rescue is not as effective as that observed with expression of DmScrib (our unpublished observation). We observed some developmental defects in the eyes and wings on a proportion of rescued animals as well as ectopic scutellar bristles, suggesting the rescue effect is not fully penetrant (data not shown). In addition, our data indicated that both the male and female rescued animals were sterile. These observations are consistent with those made in Drosophila rescue experiments with rodent Dlg1 and Dlg3 (Thomas et al., 1997) . Taken together, the above data demonstrate that hScrib can substitute for DmScrib to regulate tissue organization and structure and suppress tissue overgrowth in Drosophila. The third instar homozygous scrib mutant larvae fail to pupate and continue to grow to form giant larvae. scrib mutant larvae that express EGFP-hScrib are comparable in size to control transgenic larvae. (c) Wing imaginal discs taken at the third instar stage and stained for F-actin (phalloidin) to highlight tissue structure, were analysed by confocal microscopy. Control discs show a regular monolayered epithelial structure (left panel), while discs taken from homozygous scrib mutants are disorganized and grow in three dimensions forming large amorphous cell masses (middle panel). Expression of EGFP-hScrib in scrib mutants restored the normal folded epithelial structure and suppressed the three-dimensional neoplastic overgrowth of wing imaginal discs (right panel) A growing body of data, both direct and correlative, now implicate Scrib and associated proteins, Dlg and Lgl, as important mammalian tumour suppressors (reviewed in Humbert et al, 2003) . Here, we demonstrate that hScrib is a functional homologue of the Drosophila tumour suppressor Scribble. hScrib protein is highly polarized in mammalian epithelial cells and overlaps with Dlg homologues, similar to the distribution of DmScrib in Drosophila epithelium. We demonstrate using mosaic systems in the Drosophila eye disc that hScrib can functionally rescue the scrib mutant defects in differentiation, tissue architecture and apical-basal polarity in Drosophila epithelium. Finally, we show that hScrib can effectively suppress the neoplastic overgrowth of Drosophila scrib mutant tissue. These studies therefore indicate that hScrib possesses all the properties of DmScrib that allow it to function as a tumour suppressor, emphasizing the need to investigate whether a loss of Scrib function is associated with epithelial cancers and malignant progression. Observed compared to expected number of progeny. b Expected number of specified genotype calculated from the total number of F1 progeny scored.
c Remaining progeny die as giant larvae
